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REAL-TIM TARGETING FOR THE APOLLO LUNAR ORBIT 

INSERTION MANEWER" 

By Ronald L.  Berry and Robert F. Wiley 

ABSTRACT 

Real-time t a r g e t i n g  f o r  the Apollo Program luna r  o r b i t  i n s e r t i o n  
( L O I )  burn i s  d i f f i c u l t  because of t h e  expected approach t r a j e c t o r y  d is -  
pers ions  and t h e  cons t r a in t s  on the  burn. For c e r t a i n  s i t u a t i o n s ,  some 
of t h e  o r b i t  shape and landing-si te  t a r g e t  ob jec t ives  cannot be  achieved 
Therefore ,  several impulsive LO1 maneuvers are computed, each v i o l a t i n g  
only one t a r g e t  ob jec t ive .  To do t h i s ,  a s e r i e s  of states along t h e  
approach t r a j e c t o r y  i s  generated.  A t  each s ta te ,  an impulsive maneuver 
i s  computed, v i o l a t i n g  only one t a r g e t  ob jec t ive .  Vio la t ions  of t h e  
ob jec t ives  are determined at t h e  impulse poin t  from plane geometry and 
simple o r b i t a l  mechanics. 
l eas t  i s  r e t a ined  and displayed t o  t h e  f l i g h t  c o n t r o l l e r .  The f l i g h t  
c o n t r o l l e r  s e l e c t s  a bes t  so lu t ion  based on t h e  mission s t a t u s  at t h a t  
t i m e .  The guidance cons tan ts  a r e  then  determined by computing a f i n i t e  
burn which matches t h e  o r b i t a l  parameters of t h e  impulsive maneuver. 

The maneuver missing t h e  ob jec t ive  t h e  

INTRODUCTION 

The Apollo Program, t h e  United S t a t e s  e f f o r t  t o  land  two men on t h e  
moon and r e t u r n  them t o  e a r t h ,  contains  seve ra l  complex v e h i c l e  maneuvers 
r equ i r ing  accura te ,  r e l i a b l e ,  and f l e x i b l e  real- t ime guidance t a r g e t i n g  
systems. One of t h e s e  i s  t h e  LO1 maneuver which i n s e r t s  t h e  complete 
Apollo Spacecraf t  (command and service module p lus  lunar  module) i n t o  
a low e c c e n t r i c i t y  o r b i t  about the  moon from a hyperbolic approach t ra-  
j ec to ry .  Lunar o r b i t  i n s e r t i o n  occurs near pe r i lune  of t h e  approach 
hyperbola as shown i n  Figure 1 and, t h u s ,  i s  always on the far s i d e  of 
t h e  moon with no e a r t h  communications poss ib le .  Lunar o r b i t  i n s e r t i o n  
i s  one of t h e  l a r g e s t  planned maneuvers i n  t h e  Apollo lunar  mission,  
r equ i r ing  a AV of approximately 3000 f t / s e c .  
burn var ies  from about 7 t o  1 0  f t / s e c 2 ,  t h e  burn t i m e  i s  usua l ly  between 

Accelerat ion during t h e  

&Presented a t  t h e  AIAA Guidance, Control,  and F l igh t  Dynamics 
Conference i n  Pasadena, Cal i forn ia ,  he ld  August 1 2  through 1 4 ,  1968, 
and published as a conference prepr in t  i n  AIM paper no. 68-848. 
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380 and 400 seconds, and t h e  burn a r c  re la t ive t o  t h e  cen te r  of t h e  moon 
i s  approximately 20'. A small plane change, genera l ly  less than  6 O ,  i s  
assoc ia ted  with LOI. 
of launch t i m e  and of t h e  luna r  landing s i t e .  The t a r g e t  ob jec t ives  of 

t h e  LO1 burn and t h e  severe cons t r a in t s  under which t h e  maneuver must be 
performed g ive  rise t o  a d i f f i c u l t  real-t ime guidance t a r g e t i n g  problem. 

The exact  magnitude of t h e  plane change i s  a func t ion  

The so lu t ion  t o  t h i s  problem i s  i n  two p a r t s .  The f i r s t  p a r t  c o n s i s t s  
of  e s t ab l i sh ing  a luna r  approach geometry such t h a t  an LO1 maneuver t o  
t h e  t a r g e t  ob jec t ives  i s  feasible.  This  i s  accomplished by t h e  p r e f l i g h t  
mission design and t h e  t r ans luna r  i n j e c t i o n  and midcourse co r rec t ion  
maneuvers t a rge ted  i n  rea l  t i m e  (Fig.  1). The second p a r t  c o n s i s t s  of 
t h e  LO1 t a rge t ing  proper;  t h a t  i s ,  t h e  ground-based computer l og ic  t h a t  
def ines  a lunar  o r b i t  t h a t  bes t  satisfies t h e  t a r g e t  ob jec t ives  and then  
c a l c u l a t e s  t h e  guidance cons tan ts  t o  s t e e r  i n t o  t h i s  lunar o r b i t .  If t h e  
t r ans luna r  i n j ec t ion  or t h e  midcourse cor rec t ion  maneuvers w e r e  executed 

I 

7 LUNAR ORBIT INSERTION 

FREE-RETURN 
TRAJECTORY 

MIDCOURSE 
EARTH ORBIT 

FREE-RETURN 
ENTRY L- - TRANSLUNAR 

INJECTION 

. 

1 

F i g u r e  1. Translunar mission p r o f i l e .  
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p e r f e c t l y ,  t h e  second p a r t  of t h e  t a r g e t i n g  procedure would be t r i v i a l .  
However, expected execution e r ro r s  and state vec tor  u n c e r t a i n i t i e s  make 
complex LO1 t a r g e t i n g  log ic  a necess i ty .  This paper i s  concerned wi th  
t h e  second p a r t  of t h e  so lu t ion  of t h e  LO1 t a r g e t i n g  problem and, i n  p a r t i c -  
u l a r ,  t h e  d e f i n i t i o n  of t h e  lunar  o r b i t .  

LUNAR ORBIT INSERTION TARGET OBJECTIVES 

There are t h r e e  bas ic  LO1 t a r g e t  ob jec t ives  (or des i r ed  end condi t ions) .  
These are a luna r  o r b i t  shape (apolune and pe r i lune  a l t i t u d e s ) ,  a luna r  
o r b i t  plane t h a t  passes  over t h e  landing s i t e  after a s p e c i f i e d  number of 
revolu t ions ,  and an approach azimuth t o  t h e  landing s i t e  wi th in  a spec- 
i f i e d  range. 
u l a r  azimuth t h a t  i s  preferred over t h e  o the r s .  Thus, i n  t h i s  paper,  t h e  
landing s i te  approach azimuth w i l l  be considered as one objec t ive  compris- 
ing  a prefer red  azimuth and acceptable azimuths. Landing s i t e  objec t ives  
(as used i n  t h i s  paper)  w i l l  mean t h e  passage over t h e  landing s i t e  with 
an acceptable  approach azimuth. Together t h e s e  t h r e e  t a r g e t  ob jec t ives  
def ine  a s e t  of acceptable  luna r  o r b i t s  i n  terms of shape and planar  
o r i e n t a t i o n .  Note t h a t  t h e  spec i f i c  o r i e n t a t i o n  of t h e  l i n e  of apsides  
of t h e  t a r g e t  o r b i t  i s  not an objec t ive .  

Within t h i s  specif ied range of azimuths, t h e r e  i s  one p a r t i c -  

The base lunar  o r b i t  f o r  t h e  Apollo lunar  mission i s  present ly  a 
c i r c u l a r  o r b i t  of 60-11. m i .  a l t i t u d e .  The 60-11. m i .  c i r c u l a r  o r b i t  
ob jec t ive  r e s u l t e d  from a performance requirement t rade-off  between t h e  
command and se rv ice  module and the  luna r  module and a d e s i r e  t o  s implify 
t h e  t a r g e t i n g  and opera t iona l  procedures assoc ia ted  with t h e  required 
l u n a r  operat ions of landing,  ascent ,  and rendezvous. The cur ren t  o f f i c i a l  
f l i g h t  p lan  c a l l s  f o r  t h e  LO1 maneuver t o  i n s e r t  t h e  spacecraf t  d i r e c t l y  
i n t o  a 60-11. m i .  c i r c u l a r  o r b i t .  However, a f l i g h t  p lan  change i s  being 
proposed (approval i s  pending) i n  which t h e  LO1 maneuver would i n s e r t  t h e  
spacec ra f t  i n t o  an e l l i p t i c a l  60-11. m i .  per i lune  by 170-n. m i .  apolune 
l u n a r  o r b i t  i n  order  t o  r e l a x  t h e  problems of crew s a f e t y  and burn monitoring 
a s soc ia t ed  with t h e  cur ren t  plan.  
would be followed (two revolu t ions  l a t e r )  by a s m a l l  coplanar c i r cu la r -  
i z a t i o n  burn t o  achieve t h e  desired 60-11. m i .  c i r c u l a r  o r b i t .  For t h e  
purpose of t h i s  paper ,  it i s  assumed t h a t  t h e  proposed change w i l l  be 
adopted . 

I n  t h e  proposed p l an ,  t h e  LO1 maneuver 

The spec i f i ed  range of approach azimuths t o  t h e  landing s i t e  must 
s a t i s f y  two requirements. 
spacecraf t  performance s tandpoint ;  t h a t  i s ,  t h e  fue l  pena l ty  must not be 
t o o  severe for t h e  maneuvers required t o  set  up t h e  luna r  module descent ,  
a scen t ,  and rendezvous maneuvers and t o  r e t u r n  t o  e a r t h  ( t r a n s e a r t h  in jec-  
t i o n ) .  

F i r s t ,  t h e  range must be acceptable  from a 

Secondly, t h e  lunar  surface t e r r a i n  d i r e c t l y  underneath an approach 
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path t o  a landing s i t e  must be smooth enough t o  allow s a t i s f a c t o r y  operat ion 
of t h e  lunar  module landing radar  f o r  navigat ion.  The acceptable  approach 
azimuth ranges for  t h e  l a t t e r  requirement f o r  each candidate lunar  landing 
s i t e  w i l l  be determined p r e f l i g h t .  

LUNAR ORBIT INSERTION TARGETING CONSTRAINTS 

The major cons t ra in ts  on t h e  LO1 t a r g e t i n g  problem a r e  i n  terms of 
f u e l  requirements, s impl ic i ty  of t h e  s t ee r ing  l a w ,  and burn a t t i t u d e .  
The performance c a p a b i l i t i e s  of t h e  Apollo spacecraf t  a r e  so c lose ly  
matched by t h e  mission performance requirements t h a t  usua l ly  very l i t t l e  
f u e l  margin e x i s t s  on a given day. This margin i s  t h e  d i f fe rence  between 
t h e  a c t u a l  and an inv io l ab le  minimum f u e l  a t  t h e  end of t h e  mission. Thus, 
t h e r e  i s  considerable incent ive  t o  t a r g e t  a l l  major maneuvers such as LO1 
i n  as optimum a fashion as opera t iona l ly  poss ib le  i n  order  t o  provide 
f o r  f u t u r e  contingencies such as increased weight and increased mission 

I AV budgets . 

. 

The f u e l  cons t ra in t  i s  made more severe by t h e  "free-return" require-  
ment. The t rans lunar  i n j e c t i o n  maneuver i s  required t o  be t a rge ted  t o  
provide a free-return circumlunar t r a j e c t o r y .  
means t h a t ,  t h e o r e t i c a l l y ,  i f  no subsequent maneuvers were performed 
following t rans lunar  i n j e c t i o n ,  t h e  spacecraf t  would circumnavigate t h e  
moon and r e t u r n  t o  a s a fe  r een t ry  a t  e a r t h  (F ig .  1). 
t r a j e c t o r y  has an assoc ia ted  high cos t  i n  both launch vehic le  and space- 
c r a f t  performance. The payload in j ec t ed  on t h e  t r ans luna r  t r a j e c t o r y  i s  
lessened from t h a t  of a nonfree-return t r a j e c t o r y ;  t he re fo re ,  t h e  amount 
of f u e l  t h e  Apollo spacecraf t  can ca r ry  i s  lessened.  Also, t h e  luna r  
approach hyperbola has a s i g n i f i c a n t l y  higher energy f o r  t h e  f ree- re turn  
t r a j e c t o r y ,  thus causing an increase  i n  t h e  AV required f o r  LOI .  

The term "f ree  re turn"  

The f ree- re turn  

The second major cons t r a in t  i s  t h e  simple guidance and s t e e r i n g  l a w  
ava i l ab le  t o  the  spacecraf t  because of t h e  l imi t ed  onboard-computer s torage .  
The s t ee r ing  l a w  d r ives  a velocity-to-be-gained vec tor  t o  zero,  using one 
of two ava i lab le  methods f o r  computing t h i s  v e l o c i t y  t o  be gained. These 
methods a r e  Lambert and ex te rna l  AV. 

Two fea tures  of t h i s  simple guidance and s t e e r i n g  a f f e c t  LO1 t a r g e t i n g .  
The f i r s t  concerns the  t a rge t ing  of t h e  guidance. Lambert s t e e r i n g  
guarantees t h a t  t h e  vehic le  w i l l  pass through a spec i f i ed  t a r g e t  vec tor  
a t  a spec i f i ed  t i m e ;  ex t e rna l  AV s t ee r ing  guarantees t h a t  a spec i f i ed  
i n e r t i a l  AV vector w i l l  be achieved a t  a constant  i n e r t i a l  a t t i t u d e .  
Because t h e  t a rge t  ob jec t ives  of t h e  LO1 maneuver a r e  not e x p l i c i t  i n  t h e  
guidance constants of e i t h e r  scheme, it i s  not poss ib l e  t o  t a r g e t  by 
i n s e r t i n g  t h e  desired end condi t ions d i r e c t l y  i n t o  t h e  guidance system. 

. 
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A l s o ,  t h e r e  i s  no onboard program t o  compute t h e  guidance cons tan ts  from 
t h e  desired end condi t ions.  Thus, t h e s e  requi red  guidance cons tan ts  must 
be computed on t h e  ground and up l inked t o  t h e  spacecraf t .  This ,  of 
course,  necess i t a t e s  t h e  LO1 t a rge t ing  l o g i c  discussed i n  t h i s  paper.  

The second f e a t u r e  of t h e s e  simple s t e e r i n g  l a w s  concerns t h e  type  
of maneuver t h e  guidance can perform. This  maneuver i s  l i m i t e d  t o  burns 
i n  t h e  v i c i n i t y  of t h e  common node between t h e  approach hyperbola and 
des i r ed  luna r  o r b i t .  
s t e e r i n g  c a p a b i l i t y  ( t h e  ab i l i t y  t o  change o r b i t a l  planes a t  some poin t  
o the r  than  t h e  common node).  Figure 2 shows t h e  type of  LO1 maneuver 
geometry which could be considered i f  yaw s t e e r i n g  c a p a b i l i t y  were a v a i l a b l e  
and shows t h e  type  t o  which one i s  r e s t r i c t e d  wi th  non-yaw s t e e r i n g  
guidance. 
maneuver t a r g e t  ob jec t ives  i s  a spec i f ied  o r b i t a l  plane,  as it i s  f o r  LOI .  

I n  o ther  words, t h e  guidance does not have yaw 

This l i m i t a t i o n  i s  p a r t i c u l a r l y  s i g n i f i c a n t  when one of t h e  

D E S I R E D  

O R B I T  PL 

L U N A  

. A N E  

\, 

A P P R O A C H  H Y P E R B O L A  

Y 
Y A W  S T E E R I N G  

B U R N  ARC 

N O N - Y A W  1 - - N O D E  B E T W E E N  

S T E E R I N G  A P P R O A C H  P L A N E  

B U R N  A R C  A N D  DESIRED L U N A R  

O R B I T  P L A N E  

Figure 2 .  Yaw s t e e r i n g  and no-yaw s t e e r i n g  geometry. 

The las t  major LO1 t a r g e t i n g  cons t ra in t  i s  i n  c o n f l i c t  with t h e  f irst  
c o n s t r a i n t .  The last cons t r a in t  i s  t h a t  t h e  LO1 maneuver be t a rge ted  and 
steered t o  produce an approximate f ixed  o r  constant  i n e r t i a l  a t t i t u d e  
through t h e  e n t i r e  burn. The purpose of t h e  f ixed  a t t i t u d e  cons t r a in t  i s  
t o  s impl i fy  t h e  job  of monitoring the  burn by t h e  crew, s ince  it i s  much 
easier t o  de t ec t  a devia t ion  from a nonvarying nominal burn a t t i t u d e  than  
it i s  t o  d e t e c t  a devia t ion  from a varying nominal burn a t t i t u d e .  
crew monitoring problem i s  e spec ia l ly  c r i t i c a l  f o r  t h e  LO1 maneuver s ince  
it w i l l  not  be performed within s ight  of t h e  e a r t h  and thus  cannot be 
assisted by ground support .  

The 

Although t h e  f ixed  a t t i t u d e  cons t ra in t  r e s u l t s  i n  performance p e n a l t i e s ,  
a n a l y s i s  has  shown t h a t  t h e s e  p e n a l i t i e s  are not  s u f f i c i e n t l y  l a r g e  t o  
jeopard ize  mission success.  
t e r e d  on Apollo-type lunar  missions i s  approximately 0.5 percent  or l e s s  

The maximum pena l ty  ever l i k e l y  t o  be encoun- 
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when compared t o  an absolute  optimum. 

It had been not iced from some external-AV, f ixed -a t t i t ude  LO1 s t u d i e s  
t h a t  a f ixed-a t t i tude  burn always r e s u l t s  i n  t h e  a l t i t u d e  d i f fe rence  between 
t h e  lunar o r b i t  and approach hyperbola at t h e i r  common node being equal t o  
zero (Fig.  3 ) .  While ex te rna l  AV has f ixed  a t t i t u d e  as an e x p l i c i t  p a r t  

LUNAR ORBIT 
WITH A h=O 

HYPERBOLA 
APPROACH 

-7 

-LINE OF NODES B E T W E E N  
THE APPROACH HYPERBOLA 
AND LUNAR ORBIT PLANES 

Figure 3. Nodal a l t i t u d e  between t h e  approach hyperbola 
and t h e  lunar o r b i t ,  Ah. 

of t h e  guidance, t h i s  i s  not so f o r  Lambert. Lambert guidance constants  
can be se lec ted  t o  burn i n t o  lunar  o r b i t s  with varying nodal a l t i t u d e  
d i f fe rences  between t h e  lunar  o r b i t  and approach hyperbola. The burn 
p i t c h  and burn yaw p r o f i l e s  vary from burn t o  burn,  depending on t h e  
geometry and guidance constants .  
t o  a lunar o rb i t  with no nodal a l t i t u d e  d i f f e rence  between it and t h e  
approach hyperbola g ives ,  f o r  a l l  p r a c t i c a l  purposes,  a f ixed  a t t i t u d e  burn 
l i k e  ex te rna l  AV. Un t i l  r ecen t ly ,  t h e  c a p a b i l i t y  of r e t a r g e t i n g  t o  s t e e r  
out nodal a l t i t u d e  d i f fe rences  ( r e s u l t i n g  i n  a nonfixed a t t i t u d e  burn 
p r o f i l e )  w a s  an  important pa r t  of t h e  LO1 t a r g e t  update c a p a b i l i t y ;  t h u s ,  
t h e  f ixed  a t t i t u d e  cons t r a in t  i s  s i g n i f i c a n t .  But t h e  cons t r a in t  r e s u l t s  

However, t a r g e t i n g  a Lambert LO1 burn 
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i n  a s impl i f i ca t ion ,  t o  be discussed l a t e r ,  t h a t  makes t h i s  LO1 t a r g e t i n g  
l o g i c  p r a c t i c a l  f o r  real-t ime use.  

NODE SHIFT AND HYPERBOLA ALTITUDE 
DISPERSION PROBLEMS 

The t h r e e  major cons t r a in t s  make it d i f f i c u l t  t o  ob ta in  a l l  t i r ee  
of t h e  des i red  end condi t ions i n  the  presence of midcourse execution e r r o r s  
and state vec tor  unce r t a in t i e s  for two reasons: (1) a s h i f t  of t h e  nodes 
between t h e  acceptable  lunar  o r b i t s  and hyperbola plane caused by an out- 
of-plane d ispers ion  (Fig.  4) and ( 2 )  a change i n  t h e  hyperbola a l t i t u d e  
a t  t h e  nodes caused by an inplane dispers ion (F ig .  5 ) .  The LO1 maneuver 
usua l ly  includes a s m a l l  plane change. 
e r r o r s  at  the midcourse can cause the  nodes between t h e  acceptable  lunar  
o r b i t s  and t h e  approach hyperbola t o  s h i f t  e a s i l y  to unacceptable pos i t i ons  
i n  terns of a l t i t u d e  and/or LO1 f i e 1  required.  Inplane e r r o r s  a t  midcourse 
execution can cause a change i n  the  nodal a l t i t u d e  even i f  t h e  nodes stay 
i n  t h e  same i n e r t i a l  pos i t i on  i n  space. 

This means t h a t  s m a l l  out-of-plane 

7 H Y P E R B O L A  W I T H  O N L Y  A P L A N A R  D I S P E R S I O N  

N O M I N A L  A P P R O A C H  H Y P E R B O L A  

Figure 4. Node s h i f t  d i spers ion .  



H Y P E R B O L A  DISPERSED O N L Y  IN 
S E M I - M A J O R  A X I S  A N D  ECCENTRICITY 

N O M I N A L  A P P R O A C H  HYPERBOLA 

DESIRED 7 / MOON \ 
L U N A R  
O R B I T  
? L A N E  

D I S P E R S I O N  I N  
N O D A L  ALTITUDE 

Figure 5 .  Nodal a l t i t u d e  d ispers ion .  

I f  yaw s t ee r ing  c a p a b i l i t y  were ava i l ab le  i n  t h e  guidance, t h e  node 
s h i f t  would present l e s s  of a problem than  it does. Since,  nominally, 
LO1 occurs near per i lune  of t h e  hyperbola, t h e  node w i l l  u sua l ly  s h i f t  
t o  a l a r g e r  f l ight-path angle ,  t hus  r e s u l t i n g  i n  a l a r g e r  AV t o  burn 
around t h e  node i n t o  t h e  des i red  lunar  o r b i t .  
update capab i l i t y  i s  l imi t ed  as t o  t h e  magnitude of out-of-plane d ispers ions  
it can absorb because of t h e  t i g h t  performance cons t r a in t s .  

Consequently, t h e  LO1 t a r g e t  

I f  t h e r e  were inplane midcourse d ispers ions  such tha t  t h e  nodal 
a l t i t u d e s  were lower than t h e  des i red  lunar  o r b i t  per i lune  a l t i t u d e ,  a 
burn at f ixed  a t t i t u d e  could not be performed because t h e r e  would be an 
a l t i t u d e  d i f fe rence  between t h e  lunar  o r b i t  and approach hyperbola at t h e  
node. Without t he  f ixed  a t t i t u d e  c o n s t r a i n t ,  s m a l l  nodal a l t i t u d e  d i f f e r -  
ences could be s teered  out .  

The preceding discussion was intended t o  present  an important po in t  - 
namely, t h a t  s i t ua t ions  can e x i s t  where t h e  mission i s  proceeding wi th in  
reasonable l i m i t s ,  but not a l l  t h e  LO1 t a r g e t  ob jec t ives  can be m e t  wi th  
an LO1 t a r g e t  update. Thus, f o r  t hese  s i t u a t i o n s ,  t he  LO1 t a r g e t i n g  log ic  
must provide a so lu t ion  which opt imal ly  compromises t h e  m i s s  i n  t h e  t a r g e t  
ob jec t ives  i n  such a way t h a t  t h e  mission can proceed. 

. 

. 
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DETERMINATION OF A 
SATISFIES THE 

LUNAR ORBIT THAT BEST 
TARGET OWECTIVES 

Because t h e r e  are s i t u a t i o n s  when a l l  of t h e  des i r ed  t a r g e t  ob jec t ives  
cannot be achieved, some of t h e  t a r g e t  ob jec t ives  must be re laxed  or v i o l a t e d  
i f  t h e  mission i s  t o  cont inue.  However, it i s  extremely d i f f i c u l t  t o  
determine premission which objec t ives  can be v i o l a t e d  and s t i l l  r e s u l t  i n  
an acceptable  lunar  o r b i t .  On some launch days,  when more fue l  i s  a v a i l a b l e  
than  necessary,  t h e  performance cons t r a in t  i s  not  as severe and more AV 
than  planned may be spent f o r  L O I .  Sometimes t h e  node s h i f t  problem can 
move t h e  nodes between t h e  approach hyperbola and acceptable  lunar  o r b i t s  
so  far t h a t  it i s  not p r a c t i c a l  t o  burn around any of t h e  nodes. Then, t h e  
landing s i t e  objec t ives  must be v io l a t ed .  A t  o ther  t imes,  t h e  inplane 
a l t i t u d e  d ispers ions  fo rce  t h e  lunar  o r b i t  shape ob jec t ive  t o  be v io l a t ed  
i n  order  t o  pass over t h e  landing s i t e  with an acceptable  azimuth. And, 
of course,  t h e r e  a r e  couplings among-these cons idera t ions .  The main poin t  
i s  t h a t  t h e  decis ion as t o  which objec t ives  must be v i o l a t e d  i s  dependent 
on t h e  real-time s i t u a t i o n  - when t h e  mission i s  being flown and what has 
occurred up t o  t h e  t i m e  of LOI .  Consequently, it i s  d i f f i c u l t  t o  program 
a computer t o  make t h e  real-time decis ion on what t o  g ive  up; t h i s  i s  where 
t h e  man i n  t h e  loop, t h e  f l i g h t  con t ro l l e r ,  becomes a s i g n i f i c a n t  component 
of t h e  t a r g e t i n g  system. 

Ten d i f f e r e n t  maneuvers, each def in ing  a p a r t i c u l a r  lunar  o r b i t  by 
g iv ing  up a p a r t i c u l a r  t a r g e t  ob jec t ive ,  are computed and displayed t o  t h e  
f l i g h t  c o n t r o l l e r .  The f l i g h t  con t ro l l e r  decides which maneuver w i l l  g ive 
t h e  best r e s u l t s  or what changes t o  make t o  t h e  des i red  t a r g e t  ob jec t ives  
based on t h e  s i t u a t i o n  a t  t h a t  time. These 10 maneuvers are t h e  so lu t ions  
t o  t h e  LO1 t a r g e t i n g  problem f o r  t he  Apollo Program. 

The 10  so lu t ions  are divided i n t o  t h r e e  groups of t h r e e  maneuvers each 
p l u s  one s i n g l e  so lu t ion .  These groups a r e  c a l l e d  t h e  b a s i c ,  t h e  lunar  
shape, and t h e  lunar  landing s i t e  so lu t ions .  

The s i n g l e  so lu t ion  i s  a maneuver t h a t  r e s u l t s  i n  t h e  des i r ed  lunar  
o r b i t  shape i n  t h e  plane of t h e  approach hyperbola with a m i n i m u m  AV 
expendi ture .  Landing s i t e  objec t ives  are probably not s a t i s f i e d .  This 
s i n g l e  so lu t ion  allows t h e  f l i g h t  con t ro l l e r  t o  t a r g e t  a coplanar ,  a l t e r n a t e -  
mission LO1 burn with no landing s i t e  cons t r a in t s .  

There a r e  t h r e e  bas ic  so lu t ions .  The f irst  so lu t ion  passes  over t h e  
landing  s i t e  with t h e  maximum allowable azimuth, t h e  second has t h e  prefer red  
azimuth a t  t h e  s i t e ,  and t h e  t h i r d  has  t h e  m i n i m u m  allowable azimuth at t h e  
s i t e .  These so lu t ions  meet t h e  des i red  landing s i t e  condi t ions a t  t h e  
expense of t h e  lunar  o r b i t  per i lune  a l t i t u d e  i f  necessary.  There i s  no 
l i m i t a t i o n  on t h e  LO1 AV t h a t  may be spent i n  t h e s e  t h r e e  maneuvers. These 
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bas ic  so lu t ions  provide t h e  f l i g h t  c o n t r o l l e r  with t h e  bounds of t h e  
problem, and bracket what would be required t o  r e t u r n  t o  nominal o r  meet 
acceptable  end condi t ions i f  t hese  so lu t ions  a r e  poss ib le .  

Lunar o rb i t  shape so lu t ions  a r e  those  t h a t  meet t h e  des i red  lunar  o r b i t  
shape cons t ra in t  (apolune and per i lune  a l t i t u d e s )  a t  t h e  expense of o ther  
ob jec t ives  if necessary. There a r e  t h r e e  of t h e s e  so lu t ions .  The f i r s t  
i s  t h e  minimum LO1 AV t h a t  passes over t h e  landing s i t e  with an acceptable  
azimuth, thus  achieving acceptable  end condi t ions.  However, t h e  performance 
penal ty  could be unacceptable because of t h e  e f f e c t  on lunar  o r b i t  maneuvers 
and t r a n s e a r t h  i n j e c t i o n .  
way t o  determine which of t h e  acceptable  landing s i te  azimuths should be 
selected.* The second so lu t ion  a l s o  achieves acceptable  t a r g e t  ob jec t ives  
bu t ,  i n  addi t ion ,  comes as near as poss ib l e  t o  t h e  prefer red  azimuth a t  
t h e  landing s i t e  wi th in  a maximum allowable LO1 AV input by t h e  f l i g h t  
c o n t r o l l e r .  Again, t h e  performance penal ty  may be unacceptable. The t h i r d  
so lu t ion  obtains t h e  lunar  o r b i t  shape and comes as near as poss ib le  t o  
an acceptable lunar  o r b i t  plane wi th in  t h e  m a x i m u m  allowable LO1 AV. The 
l a t t e r  so lu t ion  w i l l  not pass over t h e  landing s i te .  Since t h e  node s h i f t  
appears t o  be the  most severe problem, t h i s  so lu t ion  w i l l  be computed i f  
a l l  objec t ives  cannot be achieved wi th in  t h e  f l i g h t  c o n t r o l l e r  input AV 
cons t r a in t .  The f irst  and second so lu t ions  may not always phys ica l ly  
e x i s t  and thus  would not be displayed,  but t h e  t h i r d  so lu t ion  w i l l  always 
e x i s t  i f  t h e  maximum allowable LO1 AV cons t r a in t  i s  g rea t e r  than t h e  AV 
necessary f o r  a coplanar burn. 

This minimum LO1 AV so lu t ion  i s  t h e  most p r a c t i c a l  

Lunar landing s i t e  so lu t ions ,  t h e  t h i r d  group of so lu t ions ,  pass over 
t h e  landing s i t e  with an acceptable  azimuth at t h e  expense of t h e  lunar  
o r b i t  per i lune  a l t i t u d e .  There a r e  t h r e e  so lu t ions  i n  t h i s  group. The 
f irst  i s  t h e  minimum LO1 AV f o r  which acceptable  landing s i t e  condi t ions 
are met (with the  lunar  o r b i t  per i lune  a l t i t u d e  equal  t o  t h e  nodal al- 
t i t u d e ) .  The second meets t h e  landing s i t e  ob jec t ives  and a l s o  comes as 
near as possible  t o  t h e  prefer red  azimuth at t h e  s i t e  wi th in  t h e  maximum 
allowable LO1 AV (again with t h e  lunar  o r b i t  pe r i lune  a l t i t u d e  equal t o  
t h e  nodal a l t i t u d e ) .  
and comes as near as poss ib le  t o  t h e  des i red  luna r  o r b i t  pe r i lune  a l t i t u d e .  
This group can only e x i s t  when t h e r e  i s  an a l t i t u d e  on t h e  approach 
hyperbola lower than  t h e  des i red  lunar  o r b i t  pe r i lune  a l t i t u d e .  Some so- 
l u t i o n s  may be t h e  same. For example, t h e  landing s i t e  so lu t ion  neares t  
t o  t h e  prefer red  azimuth could be t h e  bas ic  s o l u t i o n  corresponding t o  t h e  
prefer red  azimuth i f  t h e  input  LO1 AV cons t r a in t  w a s  l a r g e  enough. 

The t h i r d  so lu t ion  meets t h e  landing s i t e  ob jec t ives  

A s  with the  lunar  o r b i t  shape so lu t ions ,  t h e  performance p e n a l t i e s  
of t h e  landing s i t e  so lu t ions  could be unacceptable s ince  LO1 AV i s  not 

* 
A maximum end-of-mission f u e l  reserve  i s  r e a l l y  t h e  best way t o  do t h i s ,  

but t h i s  type of so lu t ion  i s  not computed f o r  reasons t o  be discussed 
la ter .  
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t r aded  of f  aga ins t  t h e  other  planned spacecraf t  maneuvers t o  maximize 
t h e  f u e l  at t h e  end of t h e  mission. There a r e  two reasons why t h i s  t rade-  
off i s  not done. 

1. It w a s  previously performed p r e f l i g h t  and, i f  necessary,  i n  t h e  
midcourse t a r g e t i n g  processor.  A reasonable midcourse should s e t  up an 
LO1 maneuver with near ly  optimum fue l  reserves .  This reasonable midcourse 
i s  expected; i f  it were no t ,  a so lu t ion  t o  maximize f u e l  would be computed. 

2. The computation r equ i r e s  a sophis t ica ted  i t e r a t i o n  t o  compute 
t r a n s e a r t h  i n j e c t i o n ;  it w a s  desired t o  avoid t h i s  i t e r a t i o n .  These re- 
serves  a r e  not expected t o  be unacceptable, but  da t a  have shown t h a t  t h e r e  
a r e  s i g n i f i c a n t  e f f e c t s  when t h e  lunar o r b i t  o r i e n t a t i o n  i s  redef ined  and 
t h e  burn t o  c i r c u l a r i z e  t h e  e l l i p t i c a l  lunar  o r b i t  does not occur a t  per i lune .  
Thus, t h e  f u e l  must be checked t o  insure  t h a t  an LO1 maneuver i s  not s e l ec t ed  
t h a t  could jeopardize crew s a f e t y  or mission success.  

Since t h e  LO1 AV f o r  each pa r t i cu la r  so lu t ion  i s  not t raded  o f f  
aga ins t  t h e  r e s t  of t h e  maneuvers, a performance l i m i t  must be s e t  i n  t h e  
program t o  avoid using a l l  t h e  spacecraf t  f u e l  i n  LOI .  T h i s  l i m i t  i s  t h e  
maximum allowable AV f o r  LO1 mentioned before ,  and i t s  value can be increased 
or decreased by f l i g h t  c o n t r o l l e r  reques t .  The l i m i t  keeps t h e  LO1 maneuver 
wi th in  reasonable bounds and i s  the bes t  p r a c t i c a l  way t o  determine how 
much any t a r g e t  ob jec t ives  may be v io l a t ed .  It i s  obvious t h a t  choosing 
and changing t h e  value of t h e  maximum allowable LO1 AV i n  r e a l  time w i l l  
be d i f f i c u l t .  Thus, here  i s  one of t h e  p laces  t h a t  t h e  bounds of t h e  
LO1 problem provided by t h e  s ing le ,  coplanar so lu t ion  and t h e  bas ic  so lu t ions  
become valuable .  

The f l i g h t  Control ler  a l s o  has t h e  opt ion of asking t h e  log ic  t o  
t a r g e t  LO1 burns t o  o ther  than the  nominal t a r g e t  ob jec t ives .  
necessary f o r  real-t ime f l e x i b i l i t y .  The f l i g h t  c o n t r o l l e r  may request  
a luna r  o r b i t  of d i f f e r e n t  shape by an apolune and/or pe r i lune  a l t i t u d e  
input .  
and t h e  prefer red  azimuth a t  t h e  landing s i t e  but may not change t h e  landing 
s i t e  pos i t i on  ( l a t i t u d e  and/or longi tude) .  
change t h e  des i red  values  f o r  all t h e  end condi t ions except t h e  landing 
s i t e  pos i t i on .  
a t t i t u d e  cons t r a in t s .  

This i s  

The f l i g h t  c o n t r o l l e r  may change t h e  range of allowable azimuths 

Thus , t h e  f l i g h t  c o n t r o l l e r  may 

However, he cannot r e l a x  t h e  simple guidance l a w s  and f ixed  

Since t h e  f ixed  a t t i t u d e  cons t ra in t  cannot be re laxed ,  it i s  poss ib le  
t o  make a s implifying approximation t h a t  makes t h e  LO1 t a r g e t i n g  l o g i c  
p r a c t i c a l  f o r  real-t ime use.  It was noted e a r l i e r  t h a t  f i xed  a t t i t u d e  LO1 
maneuvers, required f o r  crew monitoring, meant t h a t  t h e  a l t i t u d e  of t h e  
luna r  o r b i t  and hyperbola a t  t h e i r  common node must be equal .  Analysis 
has shown t h a t  t h i s  l a t t e r  c h a r a c t e r i s t i c  allows t h e  LO1 maneuver t o  be 
acceptably simulated by an impulsive AV computation a t  t h e  common node. 
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This impulsive approximation i s  acceptable  i n  two r e spec t s .  F i r s t ,  t h e  
impulsively computed AV approximates t h e  f i n i t e  burn AV with s u f f i c i e n t  
accuracy t o  allow meaningful comparisons and t rade-of fs  i n  t a r g e t i n g .  
Second, a f i n i t e  burn can be s a t i s f a c t o r i l y  superimposed on t h e  impulse; 
t h a t  i s ,  the guidance constants  can be ca l cu la t ed  t o  s t e e r  a maneuver 
around t h e  impulsive po in t ,  burning out on t h e  impulsively defined luna r  
o r b i t  within acceptable  to le rances .  

Use o f t h i s  impulsive burn s imulat ion makes two t e s t s  necessary p r i o r  
t o  t h e  computation of t h e  so lu t ions .  
have a per i lune a l t i t u d e  l e s s  than  t h e  des i red  lunar  o r b i t  apolune a l t i t u d e .  
I f  t h i s  i s  not so ,  t h e  impulsive s imulat ion cannot be appl ied ,  s ince  an 
impulsive t r a n s f e r  po in t  i n t o  t h e  e l l i p s e  of t h e  des i red  shape does not 
e x i s t .  Second, t h e  m a x i m u m  allowable AV f o r  LO1 must be g rea t e r  than  t h e  
minimum AV necessary f o r  a coplanar LOI. Thus, t h e  so lu t ion  f o r  minimum AV 
burn t o  t h e  lunar  o r b i t  of t h e  des i red  shape must be generated t o  make 
t h i s  t e s t .  

F i r s t ,  t h e  approach hyperbola must 

With t h i s  s imp l i f i ca t ion  of t h e  impulsive burn, two degrees of freedom 
a r e  l e f t  i n  t h e  problem: t h e  impulsive plane change and t h e  impulsive 
maneuver point.  The f i r s t  degree of freedom discussed w i l l  be t h e  plane 
change - assuming f o r  t h e  moment t h a t  t h e  impulsive poin t  i s  given. F i r s t ,  
it i s  necessary t o  r e l a t e  t h e  landing s i te  condi t ions of l a t i t u d e ,  longi tude ,  
and minimum and m a x i m u m  allowable azimuth t o  condi t ions at LOI .  When t h i s  
i s  done, t he  plane change necessary at LO1 t o  achieve c e r t a i n  landing s i te  
condi t ions ,  or  misses of landing s i t e  ob jec t ives  wi th in  t h e  plane change 
c a p a b i l i t y  of t h e  m a x i m u m  allowable LO1 AV, can be ca l cu la t ed  by simple 
plane geometry. 

The r e l a t ionsh ip  between landing s i t e  and LO1 condi t ions i s  determined 
by t h e  use of a va r i ab le  c a l l e d  8 which i s  def ined as fol lows.  Two se le -  
nographic l u n a r  o r b i t s  a r e  def ined a t  t h e  landing s i t e  by t h e  l a t i t u d e ,  
longi tude,  and minimum and maximum azimuths (F ig .  6 ) .  The two planes 
spec i f i ed  by t h e  minimum and m a x i m u m  azimuths encompass a l l  acceptable  
lunar  o r b i t  planes at t h e  s i t e ;  and t h e  u n i t  normals (angular  momentum 
vec to r s )  t o  these  minimum and maximum planes encompass, i n  t h e  plane 
between them, a l l  acceptable  u n i t  normals. A t  a time def ined by t h e  
midcourse processor,  t hese  two planes a r e  converted t o  i n e r t i a l  coordinates  
and a r e  propagated back t o  t h e  t ime of LO1 as predic ted  by t h e  midcourse 
processor.  
rou t ine  which accounts for t h e  per turba t ions  t o  two-body motion. 
purpose of t h e  d i scuss ion ,  t h e  u n i t  normal t o  t h e s e  two luna r  o r b i t s  at 

LO1 a r e  ca l led  U 

landing s i t e ;  a l l  acceptable  luna r  o r b i t  unit  normals ( t h a t  i s ,  u n i t  normals 
t o  lunar  o rb i t  plane t h a t  w i l l  pass over t h e  landing s i t e  wi th in  t h e  defined 

This backward propagation i s  performed with an orb i t -pred ic tor  
For t h e  

h A 

and Urn. The same s i t u a t i o n  now exists a t  LO1 as t h e  mn 

. 
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ANGULAR MOMENTUM 

TO THE *MAX PLANE 

RANGE OF ACCEPTABLE 

ANGULAR MOMENTUM 

VECTORS 

VECTOR 7 

ACCEPTABLE 

LUNAR ORBIT 

PLANES 
THE S M I N ~ -  

ANGULAR 

MOMENTUM 

VECTOR TO 

P L A N E  f 

LUNAR ORBIT P L A N E  J LSELENOGRAPHIC LLUNAR ORBIT PLANE 

DEFINED B Y  LANDING SITE DEFINED B Y  THE 

MINIMUM ALLOWABLE VECTOR DEFINED MAXIMUM ALLOWABLE 

AZIMUTH, SMIN B Y  THE S I T E  AZIMUTH, @MAX 

LATITUDE AND 

LONGITUDE 

Figure 6. Acceptable lunar o r b i t  geometrv at t h e  
landing s i te .  

A 
A ** 

azimuth range) a r e  contained i n  t h e  plane between U Thus , 
8 can be defined (Fig.  7)  as t h e  angle between t h e  a c t u a l  l una r  o r b i t  
u n i t  normal and t h e  neares t  acceptable u n i t  normal. Acceptable landing 
s i t e  condi t ions  r equ i r e  t h a t  8 be zero. Theta combines t h e  landing s i t e  
ob jec t ives  i n t o  one va r i ab le .  Nothing i s  compromised t o  do t h i s ,  s ince  
i f  t h e  landing s i t e  i s  missed, t h e  azimuth i s  of no concern and v i c e  versa .  

and Urn. mn 

This backward propagation from known end conditions e i t h e r  t o  f i n d  
i n i t i a l  conditions or t o  first guess i n i t i a l  conditions has been, and i s ,  
used on o ther  t a r g e t i n g  systems. 
l o g i c  propagated a luna r  o r b i t  back from t h e  first photo t a r g e t  t o  t h e  
deboost t ime t o  e s t a b l i s h  a des i r ed  deboost t a r g e t  o r b i t .  The midcourse 
c o r r e c t i o n  processor used i n  t h e  Apollo Program uses  a backward patch conic 
from t h e  moon t o  t h e  t r ans luna r  t r a j e c t o r y  t o  compute t a r g e t s  f o r  a mid- 
course burn. However, t h e  above methods f i n d  only t h e  i n i t i a l  condi t ions  
f o r  one p a r t i c u l a r  s e t  of end condi t ions .  The backward lunar  o r b i t  

The Lunar Orbi te r  P ro jec t  t a r g e t i n g  

** 
There a r e  obviously e r r o r s  assoc ia ted  wi th  t h i s  assumption. However, 

a n a l y s i s  has shown t h e s e  e r r o r s  t o  be l e s s  than  0.001' and 0.002' and 
t h u s  n e g l i g i b l e .  
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R A N G E  OF ACCEP 

U N I T  N O R M A L S  

/-- 

I N T O  THE P L A N E  OF 

THE ACCEPTABLE 

U N I T  N O R M A L S  

TABLE 

REPRESENTATIVE 

L U N A R  O R B I T  U N I T  N O R M A L S  

R E S U L T I N G  F R O M  LO1 

Figure 7 .  Def in i t ion  of 8 .  

propagation used i n  Apollo LO1 t a r g e t i n g  extends t h i s  concept so t h a t  
i n i t i a l  condi t ions may be e a s i l y  and accura te ly  computed f o r  many s e t s  of 
end condi t ions (namely t h e  var ious azimuths at  t h e  landing s i t e ) .  

A n 

The uni t  normals U and Urn form two sets of nodes on t h e  approach mn 
hyperbola, but  only one of t hese  two s e t s  of nodes w i l l  be used. 
t r u e  anomalies on t h e  hyperbola assoc ia ted  with t h e  extremes of t h e  se l ec t ed  
node range are q 

geometry at any impulsive point  within TI 

zero.  
vector  t o  a plane i n  which a l l  u n i t  normal vec to r s  t o  impulsively def ined 
lunar  o r b i t  planes a t  t h e  p a r t i c u l a r  impulse poin t  must l i e .  

and Urn form a plane,  t h e  i n t e r s e c t i o n  of t h e  plane def ined by a 

The 

and qm. A plane change may be ca l cu la t ed  by plane mx 
and q t o  make 0 equal t o  

A p a r t i c u l a r  impulsive poin t  r ad ius  vec tor  determines a normal 
mn mx 

Since ,. A 

umn A A 

p a r t i c u l a r  impulsive poin t  r ad ius  and t h e  U 

mines a l i n e .  If t h i s  l i n e  l i e s  between U and U ( t h a t  i s ,  i f  a 

p a r t i c u l a r  impulsive poin t  i s  between qmn and q 

LO1 t o  make 0 = 0.0 and t h e  landing s i t e  azimuth r e s u l t i n g  from t h a t  plane 
change can be ca lcu la ted  (Fig.  8 ) .  
apolune and pe r i lune  a l t i t u d e s ,  t h e  impulsive poin t  a l t i t u d e ,  and t h e  
allowable LO1 AV, t h e  allowable plane change wi th in  t h e  AV cons t r a in t  
may be computed. 
ob jec t ives  wi th in  t h e  maximum allowable LO1 AV if t h e  objec t ives  cannot be 
obtained. 

and Urn defined plane de te r -  

) ,  t h e  plane change a t  

Also , given t h e  des i r ed  lunar  o r b i t  

4 m n  h 

mn mx 

mx 

This allows the  c a l c u l a t i o n  of t h e  misses i n  landing s i t e  

. 
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If t h e  t r u e  anomaly i s  not between TI and TI=, a minimum 8 m i s s  

can be ca lcu la ted  by f ind ing  t h e  minimum d is tance  between two port ions 
of two planes.  One of t hese  port ions i s  defined by t h e  amount of plane 

mn 

change t h a t  can be 

AV while t h e  o ther  

made at t h e  impulsive point  wi th in  maximum allowable 

i s  defined by U and Urn (Fig.  9 ) .  Finding t h e  
A A 

rn 

LINE OF INTERSECTION \ 

RANGE OF 

7 UNIT NORMAL TO THE 

ACCECTAILE 

UNIT NORMALS 

PLANE CMANOC TO 

MAKE 8 = 0.0 

RADIUS VECTOR TO THE IMPULSIVE POINT 

Figure 8. Plane change t o  make 8 equal t o  zero .  

minimum dis tance  w i l l  g ive a lunar o r b i t  un i t  normal corresponding t o  a 
minimum 8.  Then 8 may be calculated as shown i n  Figure 7.  These two 
plane segments may have many d i f f e ren t  pos i t i ons  r e l a t i v e  t o  each o ther .  
Calculat ing a minimum dis tance  between t h e  two segments (and the re fo re  
a minimum angle 8 )  requi res  determining t h e i r  re la t ive pos i t ions ;  from 
t h a t  point  it i s  simple t o  f i n d  the  vec tors  i n  both planes t h a t  are neares t  
each o ther .  

The remaining degree of freedom i s  t h e  pos i t i on  of t h e  impulsive 
po in t .  The se l ec t ion  of t h e  impulsive point  f o r  t h e  var ious ca tegor ies  
of so lu t ions  i s  accomplished by the  use of a f i n e l y  meshed scan along t h e  
hyperbola as follows. The t rans lunar  t r a j e c t o r y  i s  in t eg ra t ed  t o  per i lune  
of t h e  approach hyperbola; from there  it i s  propagated back conica l ly  
along t h e  hyperbola t o  t h e  preperilune a l t i t u d e  which i s  equal t o  t h e  
des i red  apolune a l t i t u d e .  The scan begins at t h i s  po in t ,  proceeds forward 
through per i lune ,  and terminates  a t  t h e  pos tper i lune  a l t i t u d e  which i s  
equal t o  t h e  des i red  apolune a l t i t u d e .  These scan l i m i t s  bound t h e  e n t i r e  
region where impulsive maneuvers can be performed from t h e  hyperbola t o  
a lunar  o r b i t  with t h e  desired apolune a l t i t u d e .  

Discrete  s t a t e  vec tors  are computed through t h e  scan. A t  each posi t ion,  
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RANGE OF ACCEPTABLE 

UNIT NORMALS 

UNIT NORMAL 

HYPERBOLA 

PLANE 

RANGE OF POSSIBLE 

LUNAR ORBIT UNIT 

NORMALS 

\ 

CHANGE CAPABILITY 

WITH THE INPUT MAXIMUM 

ALLOWABLE LO1 A V  

Figure 9.  Typical geometry when a minimum 9 
must be ca lcu la ted .  

t h r e e  key questions a r e  asked. 
t h e  LO1 t a rge t ing  l o g i c . )  

o r b i t  per i lune a l t i t u d e ?  

AV of t h e  impulsive maneuver g rea t e r  than  t h e  maximum allowable LO1 AV? 
These questions determine what so lu t ion  o r  so lu t ions  can be ca l cu la t ed  at 
t h e  p a r t i c u l a r  impulsive pos i t i on .  For example, i f  t h e  a l t i t u d e  of t h e  
p a r t i c u l a r  point i s  l e s s  than  t h e  des i red  pe r i lune  a l t i t u d e ,  t h e  t h r e e  
lunar o r b i t  shape so lu t ions  cannot be computed a t  t h e  p a r t i c u l a r  pos i t i on  
because of the  f ixed  a t t i t u d e  c o n s t r a i n t .  However , i f  t h e  a l t i t u d e  were 
g rea t e r  than t h e  des i red  per i lune  a l t i t u d e ,  t h e  lunar o r b i t  could be 
r o t a t e d  so as t o  give no a l t i t u d e  d i f f e rence ,  s ince  t h e  luna r  o r b i t  l i n e -  
of-apsides pos i t ion  i s  not a t a r g e t  ob jec t ive  (F ig .  3 ) .  I f  t h e  t r u e  
anomaly i s  not between n and nm, it i s  phys ica l ly  impossible t o  t a r g e t  

a burn t o  pass over t h e  landing s i t e  with an acceptable  azimuth because 
of t h e  no-yaw s t e e r i n g  l i m i t a t i o n  of t h e  guidance. Thus, no landing s i t e  
so lu t ions  could be ca lcu la ted  a t  t h i s  p a r t i c u l a r  pos i t i on ,  nor can any 
lunar o r b i t  shape so lu t ions  passing over t h e  landing s i t e  with an acceptable  
azimuth be computed. 

(These quest ions form t h e  major t e s t s  i n  
Is t h e  a l t i t u d e  g rea t e r  than  t h e  des i red  luna r  

Is  t h e  t r u e  anomaly between rl, and nmx? Is  t h e  

mn 

A s  t h e  scan progresses ,  t h e  poss ib le  so lu t ions  a r e  ca l cu la t ed  at t h e  
d i s c r e t e  impulsive p o i n t s .  
example, i f  t h e  a l t i t u d e  i f  an impulsive poin t  were smaller  t han  t h e  
des i red  per i lune a l t i t u d e ,  t h e  per i lune  a l t i t u d e  ob jec t ive  would be v i o l a t e d )  
determine which of t h e  remaining n ine  so lu t ions  have been ca l cu la t ed .  
(The s ing le  so lu t ion ,  minimum AV coplanar burn has a l ready  been ca l cu la t ed . )  
The v io l a t ed  objec t ive  i s  then  t e s t e d  aga ins t  t h e  s to red  so lu t ion  t h a t  
v i o l a t e d  t h a t  same objec t ive .  If t h e  new so lu t ion  i s  c lose r  t o  t h e  des i red  
ob jec t ive ,  it i s  r e t a ined  and t h e  previously s to red  so lu t ion  i s  discarded.  

The t a r g e t  ob jec t ives  t h a t  a r e  v io l a t ed  ( f o r  



t 

c 

Because a l l  so lu t ions  (except t h e  minimum AV, coplanar one) are computed 
during t h e  scan, it i s  unnecessary t o  provide t h e  f l i g h t  c o n t r o l l e r  with 
t h e  option of which types of so lu t ions  t o  c a l c u l a t e .  

A t  t h i s  p o i n t ,  t h e  so lu t ions  a r e  displayed t o  t h e  f l i g h t  c o n t r o l l e r .  
The f l i g h t  c o n t r o l l e r  s e l e c t s  a so lu t ion ,  changes t h e  asked-for t a r g e t  
ob jec t ives  and r e runs  t h e  LO1 t a r g e t i n g  l o g i c ,  or decides on another 
midcourse maneuver. Examples of f l i g h t  c o n t r o l l e r  a c t i o n s  are presented 
i n  t h e  last  sec t ion  of t h i s  paper. 

COMPUTATION OF THE GUIDANCE CONSTANTS 

After a s o l u t i o n  has been se l ec t ed ,  t h e  l as t  s t e p  i s  t o  c a l c u l a t e  
t h e  in t eg ra t ed  burn t h a t  r e s u l t s  i n  t h e  impulsively defined luna r  o r b i t .  
The guidance cons tan ts  used t o  produce t h i s  burn are those  t o  be sen t  t o  
t h e  spacec ra f t .  This  burn i s  found by a powered-flight i t e r a t o r ,  t h a t  
i s ,  a program t h a t  simulates t h e  LO1 burn,  ad jus t ing  t h e  guidance cons tan ts  
t o  s a t i s f y  t h e  des i r ed  end conditions.  

The i t e r a t o r  minimizes a sum of weighted squares of r e s i d u a l s .  These 
r e s i d u a l s  a r e  formed by d i f fe renc ing  t h e  va lues  of t h e  end condi t ions  
obtained by a p a r t i c u l a r  burn and t h e  des i r ed  values defined by t h e  im-  
pu l s ive  luna r  o r b i t  shape, plane,  and o r i e n t a t i o n .  A matr ix  of p a r t i a l  
de r iva t ives  r e l a t e s  t h e  c o n t r o l  va r i ab le s  t o  t h e  end conditions.  ~n 
i n h i b i t o r  func t ion  i s  used t o  cont ro l  t h e  s i z e  of t h e  weighted co r rec t ion  
t o  prevent a divergence. 

FLIGHT CONTROLLER DISPLAYS AND PROCEDURES 

This s e c t i o n  p resen t s  four  examples of f l i g h t  c o n t r o l l e r  d i sp l ays  
and subsequent ac t ion .  Two examples i l l u s t r a t e  a c t i o n  t o  s e l e c t  a par- 
t i c u l a r  so lu t ion .  The t h i r d  example i l l u s t r a t e s  ac t ion  t o  change t h e  
maximum allowable LO1 AV; t h e  las t  example i l l u s t r a t e s  t h e  choice of a 
midcourse maneuver before LOI. For s i m p l i c i t y ,  no landing s i t e  so lu t ions  
or end-of-mission fuel r e se rves  a r e  shown. Since no landing s i t e  s o l u t i o n s  
are shown, t h e  des i r ed  lunar  o r b i t  shape i s  obtained f o r  a l l  t h e  examples. 
Some terminology should be defined he re .  
r e f e r  t o  the p re fe r r ed  azimuth at t h e  landing s i t e ,  and acceptable t a r g e t  
ob jec t ives  r e f e r  t o  any acceptable landing s i t e  azimuth. Table I de f ines  
t h e  symbols used. 
burn and t h e  f l i g h t  c o n t r o l l e r  inputs t o  t h e  l o g i c .  

Prefer red  t a r g e t  ob jec t ives  

Table I1 l i s t s  important parameter va lues  f o r  t h e  nominal 
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TABLE I. SYMBOLS 
Symbol 

AV 

hN 

$ 

8 

6 
OP 

Def in i t ion  

LO1 v e l o c i t y  change, fps  

Al t i t ude  of t h e  lunar  orbi t /hyperbola  
node, n .  m i .  

Azimuth of t h e  lunar  o r b i t  a t  t h e  landing 
s i t e ,  deg 

Wedge angle  between t h e  lunar  o r b i t  plane 
and t h e  neares t  acceptable  lunar  o r b i t  
plane,  deg 

Angular d i s tance  of t h e  lunar  o r b i t  from 
t h e  landing s i t e  a t  t h e  point  of neares t  
approach t o  t h e  s i t e ,  deg 

~ ~~ 

TABLE 11. PARAMETER VALUES 

AV, f p s  . . . . . . . . . . . . . . .  3030 

Prefer red  $, deg . . . . . . . . . .  270 

Minimum allowable $, deg . . . . . .  265 

M a x i m u m  allowable $, deg . . . . . .  275 

Maximum allowable AV, fps  . . . . . .  3050 

Table I11 shows one of t h e  so lu t ions  displayed t o  t h e  f l i g h t  con- 
The f l i g h t  c o n t r o l l e r  t r o l l e r  ( fo r  s impl i c i ty ,  o thers  a r e  not shown). 

sees  t h a t  he can obtain a l l  t h e  p re fe r r ed  t a r g e t  ob jec t ives  f o r  a AV of 
1 0  f p s  over t h e  nominal 3030 f p s .  
he s e l e c t s  t h i s  so lu t ion .  

I f  t h e  end-of-mission f u e l  i s  acceptable ,  

TABLE 111. TYPICAL SOLUTION , RETURN TO NOMINAL 

I 270.0 I 0.00 I 
Table I V  i s  t h e  pe r t inen t  information displayed t o  t h e  f l i g h t  

c o n t r o l l e r  f o r  f i v e  so lu t ions  - t h e  t h r e e  bas i c  and two luna r  o r b i t  shape 
so lu t ions .  By looking at t h e  t h r e e  bas i c  so lu t ions  f i r s t ,  t h e  f l i g h t  



c o n t r o l l e r  sees  from so lu t ion  2 t h a t  it c o s t s  25 f p s  over nominal t o  obta in  
a l l  t h e  p re fe r r ed  t a r g e t  object ives .  
so lu t ions ,  he sees  from so lu t ion  1 t h a t  t h e  minimum LO1 performance penal ty  
t o  obta in  acceptable  t a r g e t  object ives  i s  5 f p s  over nominal with an 
azimuth at landing 5' from t h e  nominal azimuth of 270'. 
i n  t h i s  example, t h i s  i s  t h e  same as bas ic  so lu t ion  1; t h i s  i s  not 
necessa r i ly  s o  i n  a c t u a l i t y . )  
t h e  neares t  he can come t o  t h e  preferred azimuth wi th in  t h e  maximum allowable 
AV i s  2'. Thus, he has t h e  problem bounded; he knows he can obta in  t h e  
p re fe r r ed  t a r g e t  ob jec t ives  and for what performance penal ty;  he knows 
how cheaply he can do L O I ,  and how c lose  he can come t o  a l l  of t h e  pre- 
f e r r e d  t a r g e t  ob jec t ives  wi th in  h i s  m a x i m u m  allowable AV. Thus, he t r a d e s  
o f f  AV and t a r g e t  ob jec t ives ,  depending on t h e  mission up t o  t h a t  t i m e .  
He could a l s o  re run  t h e  case w i t h  d i f f e r e n t  i npu t s  as i n  t h e  next example. 

By looking a t  t h e  lunar  o r b i t  shape 

(For s impl i c i ty  

Solution 2 shows t h e  f l i g h t  c o n t r o l l e r  t h a t  

Solut ions 

Table V shows t h e  pe r t inen t  information displayed t o  t h e  f l i g h t  
c o n t r o l l e r  f o r  t h e  t h r e e  bas ic  solut ions and two lunar  o r b i t  shape so lu t ions .  
By looking at t h e  bas ic  so lu t ion  number 2 ,  t h e  f l i g h t  c o n t r o l l e r  sees  t h a t  
he has a 45-fps penal ty  t o  obtain t h e  p re fe r r ed  t a r g e t  ob jec t ives .  
happens because t h e  node has moved t o  a higher  f l igh t -pa th  angle (as 
shown i n  t h e  h column). 

sees t h a t  t h e  minimum AV f o r  acceptable t a r g e t  ob jec t ives  i s  3035 fps .  
However, he sees  from lunar o r b i t  shape so lu t ion  2 t h a t  by expending only 
t h e  maximum allowable AV, he can come t o  wi th in  0.1' of an acceptable  
luna r  o r b i t  plane and 0.05' o f  the landing s i te .  Thus, he re runs  t h e  
problem with a lower m a x i m u m  allowable AV t o  see  i f  t h e  out-of-plane 
m i s s  s t ays  small enough t o  be an acceptable  maneuver. 

This 

Further ,  from lunar  o r b i t  shape so lu t ion  1, he N 

$ e 6 
OP hN AV 

1 

2 

3 

3035 62.0 265.0 0.00 0.00 

3055 70.0 270.0 .oo .oo 

3065 75.0 275.0 .oo . 00 

1 

2 

3035 62.0 265.0 0.00 0.00 

3050 68.0 268.0 .oo .oo 
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4J 8 6 
OP hN Solut ions AV 

! 

TABLE V .  CHANGING THE MAXIMUM ALLOWABLE AV 

100.0 265.0 

75.0 270.0 

65.0 275.0 

0.00 0.00 

. 00 . 00 

. 00 .oo 

I Basic so lu t ions  

1 

2 

3065 

3065 65.0 275.0 0.00 0.00 

3050 65.0 274.0 .10 m05 
I 

Solut ions 

I Lunar o r b i t  shape so lu t ions  

AV $ 4J 8 6 
OP 

1 220.0 265.0 0.00 

2 3200 165.0 270.0 .oo 

3 3150 120.0 275.0 .oo 

Table V I  i l l u s t r a t e s  t h e  use of t h e  LO1 t a r g e t i n g  log ic  e a r l y  i n  t h e  
mission ( f o r  example, a f t e r  t r ans luna r  i n j e c t i o n ) .  
show t h a t  the t r a j e c t o r y  geometry i s  not acceptable .  
an impulsive maneuver cannot even be computed s ince  t h e  nodal a l t i t u d e  
i s  g rea t e r  than t h e  170-n. m i .  lunar  o r b i t  apolune a l t i t u d e .  The AV f o r  
t h e  270' and 275' azimuths i s  unacceptably l a r g e .  The f irst  lunar  o r b i t  
so lu t ion  shows t h e  minimum AV penal ty  t o  obta in  acceptable  t a r g e t  ob jec t ives  
i s  120 f p s .  
o r b i t  missing t h e  landing s i t e  by 2' r e s u l t s  when only t h e  maximum allowable 
AV i s  expended. Therefore,  a midcourse co r rec t ion  i s  necessary.  

The bas ic  so lu t ions  
For t h e  265O azimuth, 

The second luna r  o r b i t  shape so lu t ion  shows t h a t  a lunar  

0.00 

. 00 

.oo 

TABLE V I .  SELECTING A MIDCOURSE CORRECTION 

I Basic so lu t ions  

I Lunar o r b i t  shape so lu t ions  

t 


